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Axmtcl

Hczausc  vapor pha.sc fullcmnc rnolcculcs  collide will]  high
lc.mpcmt  urc surfaces at both the cathode in DC discharges
and at the walls of vapor sources, know]cdgc  of the thermal
s(ability  and material compatibility of fullcrcncs  is
imporlant  for ion lhruslcr  applications. 1 lcrc,  wc present a
study c~f the high lcm]pc.rahrrc behavior of fullcrcncs.  Wc
find that when C~o and C70 arc maintained al tcmpcraturcs
above 1073 K, or arc. c.xposcd  to hot nmtal  surfaces,
significant dcgrada(ion  occurs. Wc find an activation energy
of 261.5 kJ/nlol  for this process. At tcmjwraturcs  Irdow 873
K, no brc,akdown of fullcrcncs can bc dctcctcd,  even aflcr
heating for 6 hours. “1’hc cffccl of these findings on CGr3 ion
lhruslcr  design is discussed. Our prcscnl  C60 RI: ion thruster
cxpcrimcmt is also dcscribcd.

~]~~kgr~l!l!d

Since 1991, three groups ]‘3 have reported on the
dcvclopmcnl  of an ion thruster which ulilizcs the all-carbon
molcculcs  known as fullcrcncs  as a propellant. Discussions
of the potential performance advantages of fullcrcnc fueled
ion propulsion have been publishcd4’5.  Anderson and
Fitzgcrald,3  and }Iruby ct al.l  both successfully sustained
I}C ful lcrcnc plasma discharges using thoriatcd  lungslcm
filament cathode ion sources. Anderson and l~i[zgcrald
confirmd the prc.scncc of fullcrcnc ions by mass spectral
analysis of the cxtractcd  ion beam. }Iruby ct al. dctc~tcd
frrllcrcmc  material deposited on optical surfaces using
l;ouricr  Transform )nfrarcd (F1’JR) spectroscopy. Roth of
ihcsc  groups rcporlc,d subs(antirrl  erosion of the filament
cathodes used in their dcviccs.  The prcsc.ncc  of a significant
quantity of tolucnc  insoluble carbonaceous material was
obsc.rvcd in the effusion CCI1 by both groups aftc.r heating.

~’akcgnhara  and Nakayan]a2  have rcporhxl an unsuccessful
atlcn~~~t  to establish an RF gcncratcd plasma using
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fullcrcnc$.  lhcy  found that their quarw discharge chamber
wall tcmpcra(urc  was too low, resulting in condensation of
lhc fullcrcnc propellant. Takcgahara  and Nakayama
obtained FTIR absorijtion  spcma of original and condcnscd
C6CI powder. If normalized, their spcclra  indicate a loss of
material similar to that observed by }Iruby ct al. and
Anderson and Fiu/.gcrald.

]Iruby cl al. ] carric.d out [C.SM of frrllcrcnc mate r ia l
cornpalibi]ity  with Stainless SICC1, nlolybdcnum,  ahllki,

boron nitride, aluminum nitride, and quarll..  ~’hcy rcportc.d
that no rcac(ion  of the fullcrcncs  occurred with any of these
materials, but chose quarw for their discharge chamber with
molybdenum and stainless stc.cls  grids. Anderson and
Fit?,gcrald3  used both graphilc  and stainless stcd sources
and grids. In both sources, notable degradation of the
propc]lant  molcculcs  at high tcnpcraturc.  was confirmed by
1~1”11< spwtroscopic, analysis of the powder remaining in lhc
effusive CCII and on the walls of the discharge charnbcr.
} lowcvcr, mass spectral analysis of the ion beam did nol
indicate the prcscncc  of either C2 or C4 fragments which
would bc cxpwlcd from dissociated fullcrcncs.6  11 was also
found that removal of residual solvents and impurities by
heating the mixed fullcrcnc  samples under dynamic vacuum
at 473 K for 12 hours prior to operation of the discharge did
not iahibit the frrllcrcnc breakdown.

Though not cxplorirrg  any particular application, IJ.11. Yu ct
al.6 investigated the formation and fragmentation of
fullcrcnc ions in an electron-irnpacl ion source.
[Jnimolccular  dissociation rate cons[ants  for the process of
fragmcntaliorl  via removal of c.vc.n-numbered carbon
fragments were obtained.

Hccausc  propc]lan(  flow rate is dc.tcmincd  by the frrllcrcnc
vapor source tcmpcraturc,  know]cdgc  of the reactivity and
slability  of C6CI and C70 molcculcs  at high tcmpc,raturcs  is
important to fullc.rcnc. ion thruster dcvclopmcnt.  Exccssivc
degradation will impact the tc)tal propc]lant  utilization
cfficicncy,  as well as incrcasc  the possibility of thruster
failure duc to the prcscmcc  of condcnscd fragments and
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rcaclicrn products. I’hc, fullcrcnc  sourws may rquirc healing
10 rrvcr 800 K for a(tcquatc  fullcrcnc pmsrrrcs (o bc
obtaincxt.  P’igurc  1 shows cxl>cril]]cn[al  ly-dc[cr!]~i[]cd  vapor
pressure curves for C60

7-10. } lollow ctuhodc  operation with
fullcrcnc  vapor for cilhcr IX plasma generation or ion beam
ncrrtralization  would  requ i re  thal C60 bc slablc  al
tcmpcraturcs  over 1300K. 11 is apparent [hal an in-dcplh
look at lhc high lcmpcraturc behavior of fullcrcncs  is
rcqu ircd.
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‘1’here have been nrrmcrous  studies of [hc oxidativc  behavior
of ~G(II  and C701 1‘] 6 conduclcd  since frrllcrcncs  bccamc
available in macroscopic quantities in 1991, Iixpcrimcnlal  ] 7

and lhcmctical  18 invcstigat  ions of thermal dcconlposition  of
fullcrcncs have also been rcporlcd.

Sundar  cl a].] 7 sca]cd pc]lct.s  of C60 in cvacualcd  ampoulcs
and hmlcd  lhcm to tcrnpcraturcs  bet wccn 773 K and 1173 K
for 24 hours. X-ray diffraction and UV-visible absorption
spectra of the samples showed increasing dcgrada[ion with
higher lcmpcraturc.  1 lowcvcr, adequate preheating of the
samples rrndcr dynamic vacuum to remove solvents and
adsorbed impurities was nol performed, nor has such a study
been conduclcd where the decomposition in vacuum was
cvaluawd  as a function of time.

‘l”hC rCaC[iVi(y  O f  C60 Wi(}l IllC[a]S iS O f  illkrC.S(  (O thC  hi@l

[crnpcramrc superconductor communi[y.  Alkali-rnclal-doped
fu]]crcncs  h a v e  the highcsl  kJlown  supcrconduciing
trami(ion  tcmpcraturcs  for organic superconductors. Thus,
the intcractioa  of CGO with alkali Inc.tals  at lcmpcraturcs
below S00 K has been investigated] 9’20  in attcmp[s  to form
compounds.

‘1’here arc several possible mczhanisms  for C60 dcgrada(ion,
q’hcsc.  arc 1) thermal disintc.gration  (vibrational modes
cxcilcd beyond bond-slrcnglh  limitations), 2) sloichiomctric
rcaclion  with impurities, 3) catalysis with impurities, 4)
catalysis with conlaincr  walls, 5) catalysis with amorphous
carbon fragments, or 6) a combination of any of the
prc.ceding mechanisms.

11.1.. Y,hang  cl al.l * have rc.porlcd molecular dynamics
sirnula(ions  mode.ling the. process of thermal disintcgra(ion
of fullcrc.ncs.  ‘1’hc.y predict fragmcnta(ion tcmpcralurc  as a
function of cluster si~,c for fullcrcmcs containing ?0 to 90
atoms. Not Sulprising]y,  C60 and C70 were shown to bc.
more. thermally stable than olhcr fullcrcncs.  It was also
found [hat the disintegration tcmpcraturc  t~camc rcasonab]y
constant for rnolcculc.s  containing rnorc, than 60 carbon
atoms,  77hang  c1 a l . in[crprctcd  the fragmentation
tc.mpcra[urc  as a measure. of the wc.akcsl  bond in the
molcculc. IIcncc,  their fragmentation tc.rnpcraturc
corresponds to lhc onset of bond-breaking in the fullcrcnc
cage.

~’hc predictions of Zhang C( al.l  8 agree qui(c WCI1 with
n] CaSUrCIllCnlS  of LhC.  hCat of forlllation  of CGo  I’C])C)r[Cd  by

Rcfcrcnccs 21-23 to bc 2.30X 103 kJ/n]ol,  2,28X 103
kJ/nlol,  and 2.42 X 103 kJ/n]olcs,  rcspc,ctivcly.  LJsing the
intcrprcurtion  of Z,hang ct al. of thermal disintegration, wc
find a lower limit  of an Arrhcnius  activation energy for the
process to bc 38.3 kJ/n]ol,  corrc,sponding  to a tcmpcralurc  of
4610K.

A.M. Vassal lo ct al.] 2 performed an emission F“l”lR  smdy of
solid-slate C60 and dctcrmincd  thermal stability of lhc
material at the highcsl tcmpcra(urc  of their cxpcrirncnt,  873
K. Significant sublimation of the fullcrcnc material appears
to have made ttm c.xpcrin~cnl  impractical at higher
tcrnpcraturcs.  When a 25% oxygen in argon mixture was
introduced 10 the, C6fI Sarnp]c during heating, al! C60
emission peaks were seen to disappear by 723 K. C02 and
CO emission bands were observed, as WCII  as features from
rcac.tion  products that may bc attributed to cyclic
anhydridcs.
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Wc have pc.rformcd  detailed fullcrcnc lhcrmal  a[ld ma[crial
compatibility tc.sts to dclc.rminc  the source of miduc  in
fullcremc  ion thruster cxpcrimcnts.  ‘1’hc tc.sls  w e r e
Jmformcd by placing approxima[cly  10 mg of fullmm
powder in quartz. ampoulcs  clcancd in acclonc  and freon,
Wc prepared scls of 5 ampoulcs al a tinm  containing cilhcr
pure ~60  oblaincd  from MtW Corporation, pure C70 from
~’cm I,’l’IJ., or a fu]hmnc  mix composed of approximately
85% CGO, and 15% C70. The fullcrcnc  mix was Soxh]ct
cxtraclcd  with tolucnc  from soot produced by U]vick
industries.

‘1’hc anllpoulcs  were. placed under vacuum in the low 10-6
‘1’orr range. Parlial  pressures of monalomic  and diatomic
ox ygcn, C(), C02, 011, }120, 10 I ucm, and bcmenc. were
monitored using a calibrated MKS model 600A }’1’1’
Residual Gas Analyy.cr  (RGA), Mass spcclra of all
contan]inarm (under 100 amu) in the vacuum sysmn were
also obwincd.

‘l-ho  ful Icrcnc  samples were heated to 473 K for 3 hours,
then to S23 K for an additional 1 to 3 hours, until the parlial
pressure of tolucnc  fell bdow 2x10-8 Torr. Figure 2(a,b,c)
shows 10 minute RGA scans initiated upon hc,at ing of the.
aOlpOUICS  Cmtaining  ~70, ~60, and fU]lCrCJIC mix Siill@CS,

rcspcclivcly.  In all c.ascs, lhcrc was a rapid and significant
incrcasc  in tolucnc parlial pressure, widl  moderate incrcascs
in 02 and } 12,0. C@3  C.])OXkk,  may have. beta rrnolhcr  Source
of the observed oxygen. In the case of lhc C70 samples, both
C02 and CO partial pressures incrcasc.d  more rapidly (ban
lhcy did during cilhcr the pure C60 or mixed fullcrcnc
sample bca[ing.  ‘1’hc total pressure in the vacuum systcm
subsequently incrcascd  beyond 2x10-4 Torr (the upper limit
of the range of lhc RGA) for several minukx after the
ampoulc heaters had rcachcd slcady-state tcmpcraturcs.

l<WC  OS rorr
i-s - II

/7!!
/

2 - . .
. ~.. ..r, -. .--e -- . . . . . —. *.....=  .

E-7 -
--a

s

~%;%: --- . ..*.-..- - *

a
k;i;{””

g--- e -.. — .GL  . . . . ..—
2

[-8
G&  Okn7me)

- —-—, —-, -- --., -—..,.... _ . . . . . . . ..__T _.. , .._,

0.0 s !0 10’ .0

Time (rein)

]?j~urc 2a. 10 n~in[lte  ]{~A trace of partial pressures for
C70 anneal.

1  .00e  OS lorr
f-s

s~r CO, N]
. . . ● ------ -....0-  -+  ..--.-*  ---.+-  -

2
,  ~ >+ <,  <  -.-:-  -:= - : -  .-+ ._ ;’:[ - b  -

● ~<-y-n-.
“” ‘ “-- ‘- ‘“”  C411.@13 (1 olucnc)‘, - ’ - - - t -

2
- L  - - - ’

- - - - - -  -

T

..&J”&&  AMj.@P&t.&,  0“

‘-’  - : -{<.0.  ,+-+
5

)

+.-. ~w--4J~,

2 &“~ ?/ CdE6 (Ekn7cmc)

[-8 -

; r&

E-9-\  .,1.,,-, ,-, ,”,

0.0 S!o 10.0

1 imc (rein)

l~igure 2b. 10 minute RGA (race of partial pressures for
C60 anneal.

1 .IXkOS  Tort

E-S -

5
I

C4E{KH3  (TOlucne)
_~ -. . . . .-_. _a&_

E-9 + ---.--, , , [ , I I ‘I

0.0 5.0 10!0

Time (rein)
10.  Otfin.

]~igurc  2c. 10 minute RGA trace of parlial pressores for
CrXJC70  mix anneal.

l“hc anneal tcmpcrahrrc  wc used for solvent removal from
the fullcrcncs  in lhc quarw arnpoulcs  was bctwcm 473 K
and 523 K, Although lhis tcmpcraturc  is high enough to
remove a significant portion of atisorbcd water on the
surface of lhc ampoulc,  it is insufficient for removal of lhc

hydroxyl groups terminating the quartz, surface. 11 is
nc,ccssary to hca[ lhc quartz undc,r dynamic vacuum 10 over
873 K to remove lhcsc surface impurities in lhc form of
1120 and }12,24 7’o dctcrminc  whether these sites on lhc
quarrz surface. were serving as catalysts for lhc fullcrcnc
dc.composition,  wc formed an ampoulc  with a “pocket” for
holding the fullcrcnc  test sample while the bottom portion of
the ampoulc  was hc,atcd with an acctylcnc  torch. l“hc
remainder of the cxpcrirncnl  was performed as before.

~’hc ampoulcs  were then vacuum scaled and placed in a tube
furnace for duralions of 20 minu[cs,  1 hour, 3 hours and 6
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hours, Wc prc.j)arcd  SCL’S of samples Iwa(cct [o 873 K, 973 K,
1073 K, 1173 K, 12.73 K, and 1473 K. onc trial consislcd  of
ampouics  that had been backfillc,d with approxima[cly  5
‘1’orr of }Iclium.

IJor  total  climina[ion of [olucnc impurities, Millikcn c1 al. ] 1

found that hca[ing of C60 to 483 K for 16 hours was
sufficient. “loo verify that the four to six hour bake was
adequate 10 drive. off contaminants, wc heated five sample.s
of the full crcnc mix under dynamic vacuum for 16 hours at
473 K and compared these samples wi(h those hc.atcd for
shorter dura[ions.

To s[udy the cffc.t of bulk metals in contact with fullcrcncs
at high lcmpcraturcs,  wc placed 5.0 cm long by 0.3? cli~
wide  rnctal  strips in (11c ampoulcs  with the fullcrcncs.
I’ungstcn, molybdenum, tantalum, and 304 series stainless
SICCI  samp]cs were ctchcd in a nitric acid solution for 1
minute, rinsed and lhcn dried under nilrogcn before being
placed in [hc ampoulcs.  Only [hc stainless steel sample was
visibly altered after heating to 1073 K. It was coaled with a
black residue which, when rinsed away, rcvcalcd a dulled
surface. ‘1’atdc 1 is a lisl of lhc samp]cs analyzed in this
smdy.

Analysis of the samples was performed by [JV absorption
spectroscopy using a Cary UV-VIS-N1  R sl)ccwo]~llotol~~ctc.r
(model 51;). A 1.0 cm path lcnglh was used in double beam
mode with blank solvent in the rcfcrcncc  beam palh. The
powder samp]cs  were placed in 200 ml of mcthylcnc
chloride and sonicatczt.  A further dilution of 1:10 was made
for analysis. 3“hc conccnlralion  of C60 was dctcrmincd  by
monitoring lhc 270 am absorption fcatorc.  ~’hc peak
intensity was corrcctcd  for initial sample weight, thcm
correlated to remaining fullcrcnc rna[crial.

Significant quanti[ics  of sccrningly  insoluble material were
observed in the CI12C12 solutions after sonicating  for
several hours. ‘1’hc  volubility of C60 in CI12C12  was rcporlcd
by S]<11 25 as 0.26 rnghnl. IIowcvcr, wc found that  some of
the soli(i was in fact soluble in lolucnc,  I}OG 10 UV
absorption bdow 250 nm in tohrcnc,  oJdy the 330 run peak
in lhc [360  absorption spcclr’rrm  could bc used for analysis of
toluc.rm dissolved samp]cs. Wc prepared lwo pure C60
solutions - onc in tolrrcnc, the other in mcthylcnc chloride -
to compare the concentration in each solvent. I’hc
Concentration of C60 in the nlcthylcnc chloride was found 10
bc approximatc]y  10% below that in the lolucnc  cvco
though idcnlical  preparation procedures were used. ‘J’hc
conccntra[ion  of mixed fullcrcnc  in the tolucnc con(rol
samples was found to bc 77.6 ~ 3.5 A cc/mg.  The main

sources of c.rror were. rci)c.stability of dilulicm  prcpara{ion
and mass uncc,rtainly.

Bcslrl[s

I;igorc  3 shows the UV absorption spectrum of mixed
frrllcrcnc. samples heated at 1073 K for various durations.
These sample:  were prepared in mcthylcnc  chlorictc.
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l~i~urc 3. LJV absorption spectra of fullcrmw mix heated
for various durations at 1073 K.

~~igurc 4 shows [hc degradation rate of the samples
mentioned above, tolucnc dissolved samples with a helium
backfill, and samples prchcalc.d for 16 hours at 473 K. Note
that there is no significant di ffcrcnc.c in the dc.gradation
rates. ‘1’hc, samples that had bum hcalc.d 10 lc,mpcraturcs
grca[cr  lhan 1273 K comp]ctcly ctccomposcd.  ~“his tolucnc
insoluble ma(crial  was examined with x-ray di ffraclion.  l’hc,
only diffraction peaks to appc,ar were very faint and were
a[[ribu[cd to zinc imprrrilics.  ~%ough  no diffraction patlcro
from the carborlaccous  material could bc obtained, the
material lookc.d  dislincdy  crystalline. A scarming-clcctror~-
microscopc  image of this rnatcrial  is shown below in Figure
6; it dots not appear amorphous. Wc do not ycl have an
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By fi[[ing  the fullcrcnc  decay curves shown in P’igurc. 7, wc
oblaincd decay cons[an[s, k(T), which were then used to
find an Arrhcmius activation energy for the disintcgm[ion  as
in [hc cqua(ion,

whc.rc A is the frequency factor (assurmxl constant here), lia
is lhc activation energy, R is the gas conslan[, and T is the,
tcmpcralurc.

Rascal on lhc work rcporlcd  in Rcfcrcnccs 21-23, and
assuming the. definition of fragmcn[ation  used by 7.hang c1
al,,18 wc would cxpczt  the lower limit of tlw activation
energy 10 bc about 40.0 kJ/nml for tilcrnlal dc~w~si~ion  if
a  1.indc.rnann n~cctlanisn~26  is rcsponsihlc.  In fact,  tllc
activation energy for this  process is found to bc 261.5
kJ/n]ol  - a number higher than thal  prcdic.tc,d by 7J~ang c,t al.

10(,

80

Thcrcforc,  it is possible that wc arc obsc.rving thermal
disintc.gration  of the fullcrcnc mix.

!)iff~]$~ I@flc&!aI1.cc.  1~1’11{ SpcLUQscQ@c Analysis

I}iffusc rc.flcztancc  11-1’]  R spectroscopy was also used [o
analyze the decomposed material. Figrrrc, tl(a,b,c) shows
thrc.c spc.ctra:  onc of untreated fullcrcnc mix, a sample
hc.alc,d to 1073 K for 1 hour, and a sample that had been
heated for 18 hours at 523 K in nitrogen and air. Nolc the
ap])carancc  of cyclic anhydridc features in the 1800-1000
Cal-  1 region of };igurc 7C similar to those observed by
Vassal lo ct al.l  2 IIowcvcr, no oxidation products arc
cvidcn[  in the 1073 K sample, although only 50% of the
material rcm]aincd  as fullcrcnc,. }Iydrocarbon impurities arc
cvidcn[  in all of the samples. Also, there is a possibility that
at these tcmpcraturc,s  any intcrmcdiatc,  acids will have
dccornposcd,  leaving only CO?, and CO as rcaclion products
and catalysts. Wc have not attcmlptcd  to dctc.rminc whether
lhcsc gasc.s arc. present in the scaled ampoulcs  aflcr  healing.
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Analysis of fullcrcnc .samplcs using infrared spectroscopy is a
very useful tcchniquc,  but wc have found it should bc used
wi[h caution in accordance with the following observations.
Carbon black soot is so slrong]y absorbing in the IR that very
low baselines may k observed l’his  will obscure the fullcrcnc
peaks and make quantitative analysis difficult if too much SOOL
is prcssnt.  Also, sornc peaks in the IR spectrum might bc
misconstrued as adsorbed impurities, specifically C02. I“hc
latter has been rc )orkxt  in publications showing IR absorption

1spcclra  of C60  2 ’28. I’hcsc  Spectra showed moderate inlcnsily
peaks in the region where C02 twin features arc typically
obscrvcxt. These features which appear at 2349 cm-] and 232.8
cm-  ] were at lribulcd to C02 adsorbed by the fullcrcnc.
1 lowcvcr, the peaks arc shiflcd  and [heir relative inlcnsitics
switched from commonly observed C02, contain i nation
fcalurcs.

To invcsligalc  lhis discrepancy, wc performed diffuse
rcftcclancc  lrl’IR on fullcrcnc  samp]cs prepared by three
separate tcchniqucs: films  formed on KBr by vacuum
evaporation, frcsh]y formed fullcrcnc  containing SOO[
tran.sporlcd  with asccritc (a C02 absorber), and purified C60
oblairwd from MIIR corporation dissolved in CS2.. I’bough

each of the sarnplcs should have been free of C02
contamination, the twin peaks were prcscn[ in all three spcclra
with the same relative irrtcnsity.  l’hc,rcforc,  wc bclicvcd that
the features were duc to either combination modes or
vibrational modes allowed by the prcscncc  of 13C isotope.

Several papers have since been published 29’30 which show
the very rich vibrational spcclrum  of C60. “1’hcorclically
prcdictcd modes arc assigned to each observed peak, including
those originally attributed to C02. }Iowcvcr, lhcse pc,ak
assignments have not yet been confirmed by analysis of
isolopically  cnrichcd or isotopicall  pure fullcrcnc.s.  Wc have
attcmplcd  formation of pure {3 C  fullcrcncs  by Iascr
vaporization tcchniqucs, but found no tolucnc  extractable
material in the soot. Subsc.qucnlly,  wc allcmptcd  to form
isotonically cnrichcd  fullcrcncs  by the arc mclhod. 1 Iollow
graphite rods were. packed with amorphous ‘3C powder mixed
with a carbon binder. Though fullcrcncs  were produced from
these rods, no peak shifting or growth was observed in the
spccmrm, Wc bclicvc  tha[ only the graphilc  porlions of the rod
actually vaporized and contributed to fullc.rcnc  formation. Wc
arc continuing our aucmpts at producing isotonically pure
fullcrcncs  by compressing amorphous carbon powder at high
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t c.nqrcra(urcs  to form rods for arc mclhoct fullcrcnc production.
“1’his  tcc.hniquc  has been succcssful]y  cn]ploycct3]  10
dc,monslralc pCak shift  of lhc fOUr  main dipo]c  peaks of ~GCI.

“1’0 avo id d m prcscncc  of high tcnlpcrahwc. mclal surfaces other
than lhc extraction grids, wc have conslruclwt  an H: discharge
chamber similar to that of Takcgahara  and Nakayan~a2.  WC,
arc using  an Hni Power Systcrns 13.56 M1l~,  RI; power
generator (mocicl 600A) and impcdancc  matchiag circuit (RII’
Scrviccs) torc(tucc rcflcc[ivc R1/losscsfron~  ihccmginc.  A
schcrna,tic  of the RF thrus[cr  assembly is dcpictcd in I~igurc  9.

I’hc discharge chamber consists of a 7.0 cm high, 7.0 cm
diarnctcr  cylindrical quarlr.  VCSSC1 with an extraction grid
systcm and an oven containing the ful Icrcnc propc.llant  fl angcd
loopposilccnds. An R1icoil  wrapped around thcoutsidcof
the quarr~  VCSSC1  in(tuccs  an azimuthal electric AC field inside
thcchambcr.  Thcfullcrcncp  lasmaisr  naintaincdi  nduc[ivcly,
c.lirninating  the need for hot clcztrodc surfaces inside the,
disc.hargc  chamber. Ignition of the discharge may bc obtained
by Rl; breakdown or with the aid of c]cctrons  auractc.d  from
the ncutraliz.cr  filament into the discharge chamber by
temporarily applying a positive vollagc  to the scrccn grid. q’hc.
RI; field furlhcr  accclcra[cs  the clcclrons  inside the discharge
chamber, leading to breakdown. Bczausc of the difficulties
cncountcrcd by Takcgahara  and Nakayan]a2 inob[aining  high
wall tcmpcraturcs,  wc arc investigating the usc of graJ)hitc.
yarn around thcquarlzvcsscl  which can bcbothinduclivc.ly
heated and resistively heated by an indcpcndcnt  power supply.

A small orifice in the side of the effusive CCI1 faces an lnficon
rnodcl X’1’M/2 Quart~ Crystal Microbalancc  (QCM) to give
real-lime flow rate mcasurcmcnls.  Prior attempts to monitor
flow rate by forming a capacitor with the effusive CCII and a
C6CI dielectric failed bccausc  the capacitance change duc to
thcmal c, ffccts were of the same order of rnagnitudc as the
charrgc duc to loss  of the. C60 dichxlric.

~’hc QCM sensor is placed 0.27 m from the quarlz effusive
CCII noz7.lc.  C a l i b r a t i o n  i s  p e r f o r m e d  b y  m o n i t o r i n g  t h e

deposition rate in nghcc. The fullcrcnc  sarnplc is weighed
before and after heating to dctcrminc the total mass of
cvaporiatcd  material.

Beam diagnostics have thus far been limited to the usc of an
E x B mass spcctromctcr  which displays peaks of all of the
sJ)czics present in the ion beam. Resolution of large mass ions
in this dcvicc is not high enough to distinguish bctwccn the
various fullcrcncs.  This was verified during DC discharge
cxpcrimcnls  when two JEaks corr’cspondirrg  to singly charged
and doubly charged fullc.rcncs  were observed. No attempt to
detect IJIC  prcscncc  of neutral spccics  was rnadc. Modifications

to the E x R probe arc undc.rway to irnprovc  rcsolu[ion  in the
high mass range. WC. have also obtained a IICLknlall  lR-18A
infrared spc,ctrophotomctcr  which wc intend to usc for ion
beam analysis, l’hc. instrument is sensitive in the 4000 to 600
cm- ] range.

‘t’hc R1~ ion engine was opcra(cd  using xcmon as the source.
gas. 3’hc. lhruslcr  was equipped with an optics systcm
consisting of stainless steel scrcc.n and accelerator grids.  ‘1’hc
grids  were spaced 1.6 X 10-3 m apart and had a set of 19
n~atcl]i]lg  3.2X 10-3 m diameter ho]cs.  I“hcy were operated al a
total-acceleration voltage of 3.2 kV and a net-accc]crating
VOlh~C Of ] .9 kV.

q“hc discharge could bc initia[cd  at a R]; power ICVC1  of SO W;
subscqucntl  y, the power could bc rcduccd  below 10 W before
the plasma would extinguish. Dclow 40 W, the discharge
appeared very dim and no current was cxlractcd  from the
optics systcrn. Above 40 W, the discharge bccamc
considerably brighlc.r’ and ions were c.xtractcd.  l;igurc 10
shows [hc cxtractcd  beam currc.nt as a function of R}; power
when the ion engine was opc.rated at a xcmon flow rate of
0.094 Ingh.  ‘t’hc  bcarn currc.nt incrcascd  rapidly with power
bctwccn  40 and 100 W and then Icvclcd out to a maximum of
about 2..9 nlA above 100 W.

If an RI; fullcrcnc plasma discharge is demonstrate.d to bc
cfficicn[, a lC.SS fragile discharge charnbcr will bc required. A
thin silicon carbide or alumina VCSSCI may bc a viable option.

Chamber wall healing may continue to pose a problcrn. l’hc
difficulty with an inductively heated clcrncnt  around the
discharge chamber wall is two-fold; 1) the wall lcrnpcraturc
and RF power will bc couple.d. Optirnizcd  performance of the
thruster over a range of operating conditions will the.n bccornc
more difficult, and 2) any conducting clcmcnt  will rcftcct  RF
power,

‘1’hc issue of propellant ncutraliy.ation  also has not been
adequately addressed. It seems unlikely that hollow cathode
ncu[raliy.crs  will bc able to operate with a flow of fullcrcnc
vapor. LJSC of a noble gas neutralizer cathode assembly would
rcducc, the systcm~  mass benefits associated with using a
fu]]crcnc  ion lhrustcr.  In a study of the reaction of C60 With

tungstc.n20,  it is noted that bccausc  the lowest unoccupied
molecular orbital (1 .LJMO) of C60 lies dcc.pcr than the I;crmi
lCVC1 of noble and transition metals, there is no barrier to
charge donation. } lcncc,  negative ion formation of fullcrcncs
in contact wi[h rnctals  may provide a means fOr C60 thruster
neutralization.
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Wc have. con(luctcd  high tcmpcra[ure s(ahitity  and material
Compalibi]ity  studies of fulhsrcnc mix and pure ~60 and C70.
Al tcn~pc.ra(urcs ncccssary  for fullcrcnc  ion lhruslcr  operation
(873 K),  ~60  remains stable. IIowcvcr, high tcmpcraturc

sorfac.cs  such as cathodes pose a problcm, Wc have
dctcrminc,cl  an activation energy of ?61.5 kJ/n]ol  for the
decomposition of fullcrcnc  mix in cvacoakxl quartz ampoulcs.
Wc havcconslruclc~  an RI; lhrustcr  togcncralca  fullcrcnc
plasma and to dctcrminc  dlc performance of the syslcm
rcla[ivc  to noble gas discharges produced h the, same dcvicc.
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